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Technical  Memorandum 
As a r e s u l t  of t h e  ne td  f o r  a uniform hot  gas t e s t  s t r eam f o r  f u e l  
i n j e c t o r  development f o r  hydrogen fue led  superson ic  combustion ramjet 
engines ,  an exper i laenta l  s tudy  of i n j e c t o r  conf igura t ion  e f f e c t  on e x i t  
flow uniformity  of  a hydrogen-fueled oxygen-replenis'led combus t i o n  burner  
was made. Measurements used t 3  i n v e s t i g a t e  t h e  burner-nozzle e x i t  pro- 
f i l e s  were p i t o t  and gas sample measurements. Gas composition and associ -  
a t e d  temperature  p r o f i l e s  were reduced t o  an  accep tab le  l e v e l  by burner  
i n j e c t o r  modi f i ca t ions .  The e f f e c t  of t h e  i n j e c t o r  modi f i ca t ions  was t o  
r e d i s t r i b u t e  t h e  hydrogen f u e l ,  i n c r e a s e  t h e  a i r  p ressure  drop,  promote 
premixing of t h e  oxygen and a i r ,  and e s t a b l i s h  a uniform flow p a t t e r n  
where t h e  oxygen-air mixture comes i n t o  con tac t  wi th  t h e  hydrogen f u e l .  
It is be l i eved  t h e  most s e n s i t i v e  phenomenon which a f f e c t e d  t h e  composi- 
t i o n  p r o f i l e s  was t h e  uniformity  of t h e  a i r  d i s t r i b u t i o n  supp l i ed  t o  t h e  
combustion chamber. There fo re ,  des igners  o f  corcbustion burners  must 
recognize t h e  n e c e s s i t y  t o  accept  s i g n i f i c a n t  a i r  p ressure  drop t o  achieve 
t h e  required uniformity  of  a i r  d i s t r i b u t i o n .  
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COMPOSITION SURVEYS OF TEST GAS PRODUCED BY A 
HYDROGEN-OXYCEN-AIR BURNER 
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Langley Research Center 
SUMMARY 
As a r e s u l t  of t h e  need f o r  a uniform hot  gas t e s t  s t r eam f o r  f u e l  i n j e c -  
t o r  development f o r  hydrogen fue led  superson ic  ramjet combustors,  an experimen- 
t a l  s t u d y  of t h e  e f f e c t  of varying t h e  i n j e c t o r  c o n f i g u r a t i o n  of a hydrogen- 
fue led  oxygen-replenished combustion burner  uas  made. Measurements used t o  
i n v e s t i g a t e  t h e  burner-nozzle e x i t  p r o f i l e s  were p i t o t  p r e s s u r e  and gas samples. 
By use  o f  t h e  gas sample measurements and helium t r a c e r  gas i n  t h e  oxygen supply ,  
burner-nozzle e x i t  d i s t r i b u t i o n s  of  t h e  t h r e e  supply gases t o  t h e  burner ,  a i r ,  
oxygen and hydrogen were determined.  A s  complete comSustion occurred w i t h i n  
t h e  burner ,  i t  was p o s s i b l e  t o  e s t i m a t e  l o c a l  temperature from t h e  l o c a l  gas 
composit ion measurements. I n i t i a l  u n s a t i s f a c t o r y  gas composit ion p r o f i l e s  and 
a s s o c i a t e d  temperature  p r o f i l e s  were reduced t o  an accep tab le  l e v e l  by progres-  
s i v e  burner  hydrogen- injector  modi f i ca t ions .  The f i n a l  modi f i ca t ions  c o n s i s t e d  
of r e l o c a t i n g  t h e  hydrogen i n j e c t o r s  and i n s t a l l i n g  a b a f f l e  i n  t h e  p lane  of 
t h e  hydrogen i n j e c t o r s  which e f f e c t e d  a  r e d i s t r i b u t i o n  of t h e  hydrogen f u e l ,  
inc reased  t h e  a i r  p ressure  drop,  promoted premixing of  t h e  oxygen and a i r ,  and 
. 
e s t a b l i s h e d  a  uniform flow p a t t e r n  where t h e  oxygen-air mixture comes i n t o  con- 
t a c t  w i t h  t h e  hydrogen f u e l .  I t  is be l i eved  the  most s e n s i t i v e  phenomenon 
which a f f e c t e d  t h e  composit ion p r o f i l e s  w a s  t h e  uniformity  of t h e  air  d i s t r i b u -  
t i o n  s u p p l i e d  t o  t h e  combustion chamber. Therefore ,  d e s i g n e r s  o f  combustion 
burners  must recognize  t h e  n e c e s s i t y  t o  accep t  s i g n i f i c a n t  a i r  p r e s s u r e  drop t o  
achieve t h e  r e q u i r e d  uniformity  o f  a i r  d i s t r i b u t i o n .  It was observed t h a t  evet. 
when s e v e r e  hydrogen composit ion and thus  l a r g e  temperature  g r a d i e n t s  e x i s t e d ,  
no s i g n i f i c a n t  e f f e c t  on t h e  burner-nozzle p i t o t  p r e s s u r e  was observed. This  
f a c t  emphasizes t h e  n e c e s s i t y  f o r  l o c a l  gas composit ion measurements i n  o r d e r  
t o  a s s e s s  t h e  uniformity  and thus  a c c e p t a b i l i t y  o f  combustion burner  performance. 
INTRODUCTION 
I n  o r d e r  t o  achieve t h e  c a p a b i l i t y  of des ign ing  f u e l  i n j e c t o r s  f o r  super-  
s o n i c  combustion ramjet  r?ngines, a s u i t a b l e  uniform ho t  gas t e s t  s t r e a m  is 
requ i red .  The h o t  test sLrearn is used t o  develop and e v a l u a t e  p a r t i c u l a r  f u e l  
i n j e c t o r  c o n f i g u r a t i o n s ,  thereby c o n t r o l l i n g  t h e  h e a t  r e l e a s e  d i s t r i b u t i o n ,  and 
op t imiz ing  t h e  combustor des ign.  A hydrogen-fueled, oxygen-replenished burner ,  
as d i scussed  i n  t h i s  r e p o r t ,  is one means of p rov id ing  t h e  h o t  gas f o r  hydrogen 
combustion s t u d i e s .  The burner  t e s t  gas s i m u l a t e s  a i r  t o  t h e  e x t e n t  t h a t  i t  
c o n t a i n s  t h e  p roper  e n t h a l p y ,  oxygen volume f r a c t i o n ,  and t o t a l  p r e s s u r e  
corresponding t o  s p e c i f i e d  f l i g h t  cond i t ions .  The eng ineer ing  m a l y s i s  and 
des ign  c a l c u l a t i o n s  f o r  t h e  burner  a r e  given i n  r e f e r e n c e  1. 
An e a r l i e r  s tudy  repor ted  i n  r e fe rence  2 was conducted t o  determine t h e  
performance of  t h e  burner  a s  e f u n c t i o n  o f  t h e  burner  e x i t  t h r o a t  a r e a .  The 
burner  e x i t  geometry f o r  t h e  referenced s tudy  c o n s i s t e d  of a  choked c i r c u l a r  
o r i f i c e  formed by b o r i n g  a  h o l e  i n  a  f l a n g e  b o l t e d  on t h e  burner  e x i t .  Various 
nozzle  s i z e s  ( t h r o a t  a r e a s )  were s imulated by e n l a r g i n g  t h e  o r i f i c e  i n  t h e  
f lange.  Reference 2  found a  s i g n i f i c a n t  temperature  p r o f i l e  i n  t h e  burner  e x i t  
flow. I t  w a s  concluded t h a t  t h e  measured burner  e x i t  temperature  p r o f i l e  had 
a  l o c a l  peak t o t a l  temperature  more than 30 percen t  g r e a t e r  than t h e  t h e o r e t i -  
c a l  bulk  t e m p e r a t ~ r e .  The t e s t  c o n d i t i o n s  f o r  whicl: t h e  temperature  p r o f i l e  
were observed a r e  a  burner  s t a g n a t i o n  p r e s s u r e  o f  0.69 ~ ~ i m 2 ,  a  b u r n e r  t o t a l  
temperature  of  1470K and an o r i f i c e  diameter of 8.89 cm. I t  was suggested i n  
r e f e r e n c e  2 t h a t  t h e  temperature  p r o f i l i n g  covld be a l l e v i a t e d  by r e l o c a t i n g  
t h e  r i n g  of hydrogen i n j e c t o r s  i n  t h e  burner .  
For c u r r e n t  combustion s t u d i e s  a  Mach 2.70 two-dimensional contoured nozz le  
r e p l a c e s  t h e  o r i f i c e  f l ange  used i n  t h e  s tudy  of  r e f e r e n c e  2.  (See f i g u r e  1 . )  
The t h r o a t  a r e a  of t h e  two-dimensional nozzle  is s m a l l e r  by a  f a c t o r  of 3 . 4  
than  t h e  o r i f i c e  a r e a  corresponding t o  t h e  measured temperature  p r o f i l e  i n  t h e  
referenced s tudy .  Pre l iminary  t e s t  r e s u l t s  wi th  t h e  two-dimensional nozz le  
i n d i c a t e d  a  temperature  p r o f i l e  problem i n  t h e  nozzl2  e x i t  flow s i m i l a r  t o  t h a t  
r epor ted  i n  r e fe rence  2. For fundamental combustion r e s e a r c h  s t u d i e s  i t  is 
e s s e n t i a l  t h a t  t h e  t e s t  gas flow be r e l a t i v e l y  uniforrc i n  p r e s s u r e ,  temperature ,  
and composit ion a s  skewed p r o f i l e s  do not  lend themselves w e l l  t o  a n a l y s i s  o r  
permit  ready comparison t o  o t h e r  combustion r e s u l t s .  
The s tudy  r e p o r t e d  h e r e i n  was conducted t o  i n v e s t i g a t e  t h e  burner-nozzle 
e x i t  flow f o r  nonuniforni:ies and modify t h e  burner  i n j e c t o r s  as necessa ry  t o  
produce a  r e l a t i v e l y  uniform t e s t  gas flow. Burner s t a g n a t i o n  p r e s s u r e s  ranged 
from 2 . 0  t o  2.6 M N / ~ ~  and s t a g n a t i o n  temperatures  from 2020 K t o  2330 K f o r  
t h e  p r e s e n t  s tudy .  Compared t o  t h e  t e s t  cond i t ions  of r e f e r e n c e  2 ,  t h e  cur-  
r e n t  s t u d y  was conducted a t  h igher  p r e s s u r e s  (on t h e  o r d e r  of  2 . 9  t o  3.8 t imes  
h igher )  and a t  h igher  temperature (on t h e  o r d e r  of 1 .4  t o  1.6 times h i g h e r ) .  
It is noted t h a t  t h e  i n t e r a c t i o n  and coupl ing t h a t  occurs  i n  mixing and 
r e a c t i n g  f lows,  such a s  occurs  i n t e r n a l  t o  t h e  burner ,  a r e  no t  g e n e r a l l y  ame- 
nab le  t o  a n a l y s i s .  There fo re ,  t h e  method of  e l i m i n a t i n g  undes i rab le  p r o f i l e s  
a t  t h e  burner-nozzle e x i t  was accomplished by p rogress ive  hardware modi f i ca t ions  
u n t i l  s a t i s f a c t o r y  d i s t r i b u t i o n s  were achieved.  
Unfor tunate ly ,  test gas temperatures  of i n t e r e s t  f o r  t h i s  s t u d y  g e n e r a l l y  
exceed t h e  mel t ing  p o i n t  f o r  convent ional  h igh t e m p e r a t w e  thermocouple mater i -  
als such as I r - I r / R h ,  p a r t i c u l a r l y  when p r o f i l i n g  occurs .  Thus, thermocouples 
a s  used i n  r e f e r e n c e  2 were n o t  a p p l i c a b l e  t o  t h i s  s t u d y .  Furthermore,  o p t i c a l  
dev ices  such as t h e  spect rophotometer ,  which was used i n  r e f e r e n c e  3 f o r  i n f e r -  
r i n g  temperatures  and w a t e r  concen t ra t ions  , s u f f e r  s e v e r e  l i m i t a t i o n s  i n  u s e f u l -  
ness  due t o  t h e  h igh n o i s e  and v i b r a t i o n  l e v e l  of t h e  test environment. 
Therefore ,  i n  t h e  s tudy  repor ted  h e r e i n ,  uni formity  of t h e  burner-nozzle test 
gas  was deduced from ins t ream p i t o t  p r e s s u r e  and gas sample measurements. 
R e s u l t s  a r e  presented a s  b u ~ a e r - n o z z l e  e x i t  d i s t r i b u t i o n s  of  hydrogen, oxygen, 
i and a i r  expressed i n  t h e  unrcacted s t a t e ,  and es t ima ted  temperature  v a r i a t i o n s  deduced from t h e  gas composition. i - 
t 
SY mOLS 
1 burner-nozzle e x i t  he igh t  ( s e e  f i g u r e  2 ( c ) )  I 
! measured burner  s t a g n a t i o n  p r e s s u r e  \ 
i l o c a l  p i t o t  p r e s s u r e  
measured burner  s t a g n a t i o n  p r e s s u r e  d i v i d e d  by t h e  s t a g n a t i o n  
p r e s s u r e  requ i red  t o  f u l l y  expand t h e  burner-nozzle 
t h e o r e t i c a l  burner  s t a g n a t i o n  temperature  
burner-nozzle e x i t  width ( s e e  f i g u r e  2 ( c ) )  
burner-nozzle l a t e r a l  coord ina te  ( s e e  f i g u r e  2 ( c ) )  
burner-nozzle v e r t i c a l  coord ina te  ( s e e  f i g u r e  2 ( c ) )  
l o c a l  mass f r a c t i o n  of a i r  deduced from t h e  gas  sample a n a l y s i s  
d iv ided  by t h e  bu lk  (average) mass f r a c t i o n  o f  a i r  computed from 
t h e  measured a i r  flow r a t e  t o  t h e  burner ,de f ined  by equa t ion  17 
of Appendix A 
l o c a l  mass f r a c t i o n  o f  oxygen deduced from t h e  gas sample a n a l y s i s  
d iv ided  by t h e  bu lk  (average) mass f r a c t i o n  of  oxygen computed 
from t h e  measured oxygen flow r a t e  t o  t h e  b u r n e r ,  de f ined  by 
equa t ion  1 8  of  Appendix A 
local mass f r a c t i o n  o f  hydrogen deduced from t h e  gas sample a n a l y s i s  
d iv ided  by t h e  bu lk  (average)  mass f r a c t i o n  o f  hydrogen computed 
from t h e  measured hydrogen flow rate t o  t h e  burner ,  de f ined  by 
e q u a t i o n  19 o f  Appendix A 
APPARATUS AND PROCEDURE 
Combustion Burner 
A schemat ic  o f  t h e  combustion burner  is shown i n  f i g u r e  1. The burner  
hardware d i f f e r s  from t h a t  used i n  r e fe rence  2 i n  t h a t  a two-dimensional Mach 
2.70 nozzle  r ep laces  the  o r i f i c e  f l ange  used i n  the  re fe renced  s tudy.  The 
nozz le  has an  e x i t  he igh t  o f  3.81 cm and a width of 17 cm. The wa te r  cooled 
copper nozzle  was designed f o r  uniform p a r a l l e l  flow at  t h e  e x i t  and was coated 
w i t h  a 0.13 t o  0.25 m t h i c k  thermal p r o t e c t i o n  l a y e r  of zirconium oxide.  The 
nozzle ,  burner ,  and test hardware a r e  cooled by a high p r e s s u r e  wa te r  system. 
I n  t y p i c a l  combus t i o n  t e s t  programs, s u f f i c i e n t  oxygen i s  s u p p l i e d  t o  the  burner  
such t h a t  t h e  r e s u l t i n g  t e s t  gas s i m u l a t e s  a i r  by c a n t a i n i n g  t h e  same volume 
f r a c t i o n  of oxygen a s  a i r .  The p r i n c i p a l  d i f f e r e n c e  between t h e  test gas and 
a i r  i s  t h a t  due t o  formation of water  from t h e  hydrogen-oxygen r e a c t i o n ,  t h e  
r e s u l t i n g  t e s t  gas con ta ins  a s i g n i f i c a n t  percentage of wa te r .  For example, 
a t  2200K t h e  Mach 2.70 t e s t  gas con ta ins  a p p r o x i m a ~ e l y  36 pe rcen t  w a t e r  by 
volume. For t h i s  t e s t  program 1 t o  2 percent  h e l i u v ~  by volume was added t o  t h e  
s t o r e d  oxygen supply  a s  a t r a c e r  i n  o rde r  t o  map tile J i s t r i b u t i o n  of t h i s  fixygen 
a t  t h e  burner-nozzle e x i t .  The d i s t i n c t i o n  between pure oxygen and t h e  stc:ed 
oxygen i s  no t  made i n  t h e  d i s c u s s i o n  of  t h e  d a t a  and f i g u r e s  i n  t h e  main body 
of  t h i s  r e p o r t ,  as t h e  d i f f e r e n c e  i n  terms of  the  f i n a l  d a t a  is i n s i g n i f i c a n t .  
However, i t  is  necessary  t o  make t h e  d i s t i n c t i o n  i n  Appendix A which d e s c r i b e s  
t h e  "Gas Sample Data Reduction procedure ." 
Various burner  i n j e c t o r  schemes were t r i e d  i n  o r d e r  t o  achieve reasonably 
uniform burner-nozzle e x i t  p r o f i l e s .  As t h e s e  i n j e c t o r  c o n f i g u r a t i o n s  were 
p rogress ive  i n  n a t u r e  and d i r e c t l y  a s s o c i a t e d  wi th  t h e  d a t a  p resen ted ,  t h e  
i n j e c t o r  geometry w i l l  be descr ibed i n  the  s e c t i o n  e n t i t l e d  "Resul ts  and 
Discussion.  " 
P r i n c i p a l  measurements c o n s i s t  of oxygen, hydrogen, an< a i r  flow r a t e s  
which are measured by use of  sharp-edged o r i f i c e  p l a t e s .  r  ling wate r  f low 
r a t e s ,  and temperature rise and burner  s t a g n a t i o n  p r e s s u r e  a r e  o t h e r  r equ i red  
measurements t o  d e f i n e  burner  o p e r a t i n g  cond i t ions .  These and o t h e r  a s s o c i a t e d  
measurements a r e  recorded by use of a computer c o n t r o l l e d  magnetic t ape  d a t a  
system. P a r t i c u l a r  p r e s s u r e s ,  flow r a t e s ,  and flow r a t e  r a t i o s  a r e  computer 
c a l c u l a t e d  and immediately d isplayed post-run t o  assess whether d e s i r e d  t e s t  
cond i t ions  were achieved.  
Survey Rake 
A n i n e  prob, pitot-gas-sampling-rake was t r a v e r s e d  v e r t i c a l l y  i n  s t e p s  
a c r o s s  t h e  narrow dimension of t h e  nozz.!.e e x i t  flow. A schematic of  t h e  siirvey 
rake and probe t i p  d e t a i l  is shown i n  f i g u r e s  2(a) and 2 ( b ) ,  r e s p e c t i v e l y .  A 
water flow r a t e  o f  2 .2  Kg/sec is used t o  i n t e r n a l l y  coo l  t h e  rake. This w a t e r  
then flows through t h e  probe t i p  u n i t s  and exhauqts rearward p rov id ing  a d d i t i o n a l  
coo l ing  of t h e  e x t e r n a l  rake s u r f a c e s .  The coord ina te  system used t o  d e s c r i b e  
t h e  p robe ' s  p o s i t i o n  i n  t h e  nozzle  e x i t  is shown i n  f i g u r e  2 (c ) .  
During a t y p i c a l  run time o f  twelve t o  f i f t e e n  seconds,  an automat ic  r ake  
p o s i t i o n e r  mechanism permit ted  a f ive -po in t  p i t o t  scan ( t o t a l  45 p i t o t  measure- 
ments) o r  c o l l e c t i o n  of n ine  gas samples wi th  n ine  a s s o c i a t e d  p i t o t  p r e s s u r e  
measurements. S i g n a l s  from t h e  t r ansducers  t h a t  s e n s e  t h e  p i t o t  p r e s s u r e  a r e  
recorded on an o s c i l l o g r a p h  f o r  l a t e r  r educ t ion .  
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I Based upon measurements taken dur ing  c a l i b r a t i o n  of t h e  probe t r a v e l ,  t h e  
f r e p e a t a b i l i t y  o f  t h e  probe p o s i t i o n e r  is + 0.025 cm. However, d u r i n g  d a t a  
I a c q u i s i t i o n ,  aerodynamic and h e a t i n g  loads  on the  rake  and probes could i n c r e a s e  t h e  u n c e r t a i n t y  s u b s t a n t i a l l y .  
t .  
I t 
c 
i Gas Sample C o l l e c t i o n  System 
i Each of  t h e  n i n e  i n d i v i d u a l  probes i s  connected t o  a p r e s s u r e  t r ansducer  
f 
i and a 75 c c  gas  sample c y l i n d e r .  l'he exhaust  s i d e  o f  each c y l i n d e r  is i n  t u r n  
i connected t o  a vacuum r e s e r v o i r  system which a l lows prerun evacuat ion of t h e  
c y l i n d e r s  and a s p i r a t i o n  of t h e  flow through t : : e  probe-cylinder system. The gas 
! samples a r e  c o l l e c t e d  by t h e  fo l lowing  procedure:  inmediately a f t e r  t h e  rake  
is i n s e r t e d  i n t o  t h e  flow one second is allowed f o r  :>itot  p r e s s u r e  record ing ,  
t h r e e  seconds f o r  purging of  t h e  t u b i n g  and sample c j l i n d e r ,  and t h r e e  seconds 
f o r  sample c o l l e c t i o n .  Samples c o l l e c t e d  i n  t h i s  manner a r e  on t h e  o r d e r  of  
two o r  t h r e e  t imes t h e  ambient p r e s s u r e  l e v e l .  'The sample c o l i e c t i o n  sys tem is 
no t  heated;  t h e r e f o r e ,  wa te r  i n  t h e  gas sample condenses and the  gas samples 
do no t  con ta in  meaningful wa te r  con ten t .  The gas sample c y l i n d e r s  a r e  removed 
from t h e  c o l l e c t i o n  -ack and analyzed post-run.  
As t o  whether t h e  gas samples c o l l e c t e d  a r e  r e p r e s e n t a t i v e  of  t h e  a c t u a l  
test gas s t r eam is d i f f i c u l t  t o  determine i n  r e a c t i v e  flows. (For a d i s c u s s i o n  
of t h e  genera l  problem, s e e  re fe rence  4 . )  Conr 2ptual ly  r e p r e s e n t a t i v e  sample 
c o l l e c t i o n  r e q u i r e s  r a p i d  sample coo l ing  t o  quenc3 t h e  chemical r e a c t i o n s ,  
avoidance of  a s t r o n g  unat tached bow shock,  and i s o k i n e t i c  ( o r  c o n s t a n t  v e l o c i t y )  
sampling. These f e a t u r e s  have been incorpora ted  i n  t h e  probe t i p  des ign shown 
i n  f i g u r e  2(b)  and a s  much as f e a s i b l e  i n  t h e  sample c o l l e c t i o n  procedure.  Rapid 
sample coo l ing  is  accomplished by conduction from t h e  water-cooled probe and t h e  
i n t e r n a l  expansion of t h e  probe t i p .  Shock at tachment is encouraged by minimizing 
t h e  probe t i p  ang le ,  us ing  a sharp- t ipped probe l e a d i n g  edge, i n t e r n a l  expansion,  
and a s p i r a t i o n  of  t h e  sample dur ing  t h e  purge t ime, and t o  some degree  d u r i n g  
sample c o l l e c t i o n  due t o  t h e  pre-evacuation o f  the  sample c y l i n d e r s .  I s o k i n e t i c  
sampling is  probably never  a c t u a l l y  achieved i n  t u r b u l e n t  r e a c t i n g  flows a s  t h e  
l o c a l  v e l o c i t y  v a r i e s  wi th  time; however, t h e  same f e a t u r e s  which encourage shock 
at tachment would tend t o  encourage cond i t ions  approaching t h e  i s o k i n e t l c  p rocess .  
I n  t h e  c u r r e n t  s t u d y ,  how uniformly a given burner  i n j e c t o r  arrangement 
d i s t r i b u t e s  t h e  gases (hydrogen, oxygen, and a i r )  can be eva lua ted  r e g a r d l e s s  
of t h e  sample quenching a b i l i t y  of t h e  probe. However, i f  f u r t h e r  conclus ions  
as t o  whether t h e  burner  o p e r a t e s  wi th  complete combustion o r  i f  temperature  
e s t i m a t e s ,  a s  d i scussed  i n  t h e  fo l lowing  s e c t i o n ,  a r e  der ived from t h e  measured 
gas composit ion,  then t h e  r e s u l t s  depend upon t h e  probes quenching a b i l i t y .  
Gas Sample Analys is  
Gas samples were analyzed f o r  oxygen, n i t r o g e n ,  hydrogen, and helium con- 
t e n t  by convent ional  gas-sol id  chromatography techniques .  D e t a i l s  on t h e  con- 
c e p t  of  gas chromtography w i l l  not  be d i scussed  h e r e i n ,  a s  s t andard  t e x t  books 
such a s  r e f e r e n c e  , 5  a r e  r e a d i l y  a v a i l a b l e .  B r i e f l y ,  t h e  s e p a r a t i o n  of t h e  
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sample i n t o  components is accomplished by pass ing  t h e  sample through a column 
packed w i t h  type 13X molecular s i e v e  m a t e r i a l .  The amount of  each gaseous 
component p resen t  is sensed by t h e r m i s t o r  d e t e c t o r s  and recorded on a s t r i p  
c h a r t  r ecorder .  The recorder  output  peak h e i g h t s  from t h e  s e p a r a t e d  gas sample 
a r e  compared t o  peak h e i g h t s  f o r  samples of  known composit ion,  thus  de te rmin ing  
t h e  amount of each c o n s t i t u e n t  p r e s e n t .  Gas chromatograph parameters a r e  pre- 
sen ted  i n  Appendix B .  
To d e f i n e  t h e  t e s t  gas s t r eam i t  was necessary  t o  know t h e  l o c a l  concen- 
t r a t i o n s  of I~e l ium,  hydrogen, oxygen, n i t r o g e n ,  argon,  and wa te r .  However, 
as wa te r  condensed i n  t h e  unheated gas sample l i n e s ,  t h e  samples c o l l e c t e d  d id  
no t  con ta in  meaningful wa te r  con ten t .  There fo re ,  t h e  wa te r  concen t ra t ign  was 
computed by t h e  method desc r ibed  i n  Appendix A ,  wtii1::r r e l i e s  l a r g e l y  upon t h e  
use of  the  helium t r a c e r .  Tl~e f i n a l  gas sample resill;; were converted t o  l o c a l  
concen t ra t ions  of air, hydrogen, and oxygen ( a l l  i n  r h c  unreacted s t a t e ) .  Mal- 
d i s t r i b u t i o n s  o f  any of t h e  t h r e e  supply  gases i n  t h e  burner  nozzle  e x i t  were 
t h e r e f o r e  r e l a t e d  t o  t h e  a s s o c i a t e d  i n j e c t o r  arrangement i n  t h e  burner.  
A f u r t h e r  r e s u l t  of t h e  gas sample a n a l y s i s  was an  e s t i m a t e  of  t h e  l o c a l  
temperature.  Aqsuming r e p r e s e n t a t i v e  gas samples d r e  c o l l e c t e d ,  i s e n t r o p i c  
e q u i l i b r i u m  expansion through t h e  burner-nozzle , and complete r e a c t i o n ,  t h e  de- 
duced l o c a l  hydrogen c o ~ l c r n t  r a t i o n  becomes a measure of  temperature.  For t h e  
l o c a l  gas sample as  w e l l  a s  f o r  t h e  o v e r a l l  burner ,  t h e  r a t i o  of hydrogen t o  t h e  
sum of  t h e  a i r  and oxygen d e f i n e s  a temperature computed from e q u i l i b r i u m  chemis- 
t r y  ( s e e  f i g u r e  25 o f  r e f e r e n c e  2 )  and a hea t  l o s s  f r a c t i o n  ~f 1 3  t o  15 pe rcen t ,  
which has  been found t o  b e  r e p r e s e n t a t i v e  of the  burner  f o r  t h e  temperature range 
of t h i s  s tudy .  The assumption of co~ople te  r e a c t i o n  appears  w e l l  j u s t i f i e d  i n  
t h a t  no f r e e  hydrogen was de tec ted  i n  2ny of  t h e  gas samples c o l l e c t e d .  
For each gas sample analyzed a check is made on t h e  a n a l y s i s  by summing 
t h e  volume f r a c t i o n  o f  a l l  components, inc lud ing  argon which is c a l c u l a t e d  from 
t h e  n i t r o g e n  percentage.  Analys is  of s e v e r a l  hundred gas samples i n d i c a t e  t h a t  
summations were 1 . 0  2 0.01 f o r  about 90 pe rcen t  of the  samples. As numerous 
sources  of  e r r o r  a r e  p o s s i b l e  i n  a n a l y s i s  ranging from improper i n j e c t i o n  loop 
purging t o  c a l i b r a t i o n  s h i f t s  i n  t h e  ins t rumenta t ion ,  the  t 0.01 summation 
accuracy is considered good. A l l  gas a n a l y s i s  r e s u l t s  repor ted  h e r e i n  s a t i s f y  
t h e  + 0.01 summation c r i t e r i a .  Note t h i s  c r i t e r i a  does no t  n e c e s s a r i l y  d e t e c t  
e r r o r s  i n  helium a n a l y s i s ,  ;s t h e  helium volume f r a c t i o n s  a r e  low enough t h a t  
t h e i r  values  do no t  s i g n i f i c a n t l y  a f f e c t  t h e  sunnuation. 
Test  Procedure 
The burner  i s  brought t o  t e s t  c o n d i t i o n s  by e s t a b l i s h i n g  c o o l i n g  wa te r  and 
a i r  flow r a t e s ,  l i g h t i n g  a hydrogen-oxygen f u e l e d  i g n i t o r ,  e s t a b l i s h i n g  a p i l o t  
l e v e l  hydrogen flow r a t e  (about 20 pe rcen t  of  t h e  t o t a l  hydrogen flow requ i red  
f o r  t h e  t e s t ) ,  and e s t a b l i s h i n g  t h e  f u l l  d e s i r e d  hydrogen and oxygen flows t o  
t h e  h e a t e r .  Performance p l o t s  necessary  t o  determine t h e  r e l a t i v e  flow r a t e s  
of t h e  supply  gases  f o r  a d e s i r e d  test cond i t ion  a r e  given i n  r e f e r e n c e  2. 
During t h e  t y p i c a l  t e s t  time o f  twelve t o  f i f t e e n  seconds used f o r  t h e  
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s tudy repor ted  h e r e i n ,  t h e  rake is i n j e c t e d  i n t o  t h e  t e s t  s t r eam and e i t h e r  gas 
samples o r  p i t o t  p r e s s u r e  measurements a r e  made. (Refer  t o  t h e  s e c t i o n  on Appa- 
r a t u s  and Procedure f o r  d e t a i l s  of  t h e  gas sample c o l l e c t i o n  and p i t o t  p r e s s u r e  
measurement c a p a b i l i t i e s . )  Simultarieous wi th  t h e  rake measurements a  computer 
c o n t r o l l e d  d a t a  scan is performed t o  d e f i n e  t h e  a t t a i n e d  b u r n e r  t e s t  cond i t ions .  
For t h e  bulk  of  t h e  test d a t a  acqu i red  t o  e v a l u a t e  t h e  d i f f e r e n t  i n j e c t o r  
c o n f i g u r a t i o n s  t h e  nozzle  opera ted s l i g h t l y  overexpanded. Th i s  was purposely 
done t o  conserve  a i r  and p r o p e l l a n t s  once no apparent  e f f e c t  of burner  s t agna-  
t i o n  p r e s s u r e  was d e t e c t e d  on var ious  s e t s  o f  d a t a .  Burner t o t a l  temperature 
v a r i e d  from 2020 K t o  2330 K from conf igura t ion  t o  c o n f i g u r a t i o n ,  t h a t  is,  no 
s i n g l e  va lue  of burner  t e s t  cond i t ions  was enplayed t o  s tudy  a l l  i n j e c t o r s ;  how- 
e v e r ,  t h e  v a r i a t i o n  is  not considered broad enous;il t o  prevent  comparison of t h e  
e f f e c t s  of  one i n j e c t o r  des ign wi th  ano the r .  
DATA A.NALY SIS PROCEDIJRE 
I n  o r d e r  t o  e v a l u a t e  t h e  gas composit ion measurements taken from t h e  burnei -  
nozz le  e x i t  flow, and thereby determine t h e  adequacy of t h e  burner  i n j e c t o r s ,  i t  
is necessa ry  t o  account f o r  not only t h e  amount o f  each gas c o n s t i t u e n t  p r e s e n t ,  
but  a l s o  i ts  source .  ( A  compiete o u t l i n e  of t h e  gas sample d a t a  r educ t ion  pro- 
cedure i s  i n  Appendix A . )  For example, t h e  oxygen measured l o c a l l y  could come 
from t h e  a i r  s u p p l i e d  o r  t h e  oxygen supp l i ed  t o  t h e  h e a t e r .  Therefore ,  1 t o  2 
percent  of hel ium by volume was in t roduced i n t o  t h e  s t o r e d  oxygen supply.  The 
exac t  percent  o f  helium was determined from a  gas chromatograph a g a l y s i s  of t h e  
oxygen. I t  was then p o s s i b l e  t o  t r a c e  t h e  a i r  through t h e  burner  by t h e  use of  
t h e  n i t r o g e n  i n  a i r ,  and t o  t r a c e  t h e  oxygen through the  burner  by t h e  use  of  
t h e  helium. The t o t a l  oxygen which should be a t  a  l o c a l  po in t  i n  t h e  flow, can 
thus  be c a l c u l a t e d  from t h e  n i t r o g e c  and helium measured a t  a  l o c a l  po in t .  The 
d i f f e r e n c e  between t h e  c a l c u l a t e d  and measured oxygen is p r o p o r t i o n a l  t o  t h e  
amount of  w a t e r  formed. From t h e  water  computed, and the  f r e e  hydrogen measured 
t h e  l o c a l  hydrogen d i s t r i b u t i o n  may then be c a l u c l a t e d .  I t  is noted t h a t  f r e e  
hydrogen was not  d e t e c t e d  f o r  any of t h e  i n j e c t o r  c o n f i g u r a t i o n s ,  which i n d i c a t e s  
w i t h i n  measurement accuracy,  t h a t  complete combustio!l was obta ined.  
RESULTS AND DISCUSSION 
O r i g i n a l  I n j e c t o r s  
The o r i g i n a l  burner  i n j e c t o r  c o n f i g u r a t i o n  is shown i n  f i g u r e  3 ( a ) .  I t  is 
seen  t h a t  t h e  o r i g i n a l  oxygen i n j e c t o r s  c o n s i s t e d  o f  twelve e q u a l l y  spaced in- 
j e c t o r s  on a c i r c l e  o f  6.67 cm r a d i u s ,  a l l  s u p p l i e d  from a common t o r i d a l  mani- 
f o l d .  The twelve hydrogen i n j e c t o r s  were e q u a l l y  spaced between t h e  oxygen in-  
j e c t o r s ,  bu t  on a  c i r c l e  o r  4.6 cm rad ius .  Both i n j e c t o r s  c o n s i s t e d  o f  1.59 cm 
hex-shaped, f l a t - f a c e d  bodies  which exhausted t h e  hydrogen and oxygen p a r a l l e l  
t o ,  and i n  t h e  d i r e c t i o n  of  t h e  a i r  flow. The e x i t  p lane  of both  i n j e c t o r s  l ay  
i n  approximately t h e  same plane.  None o f  t h e  supply  gas s t r eams ,  a i r ,  hydrogen, 
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o r  oxygen were choked; however, no p ressure  o s c i l l a t i o n s  were noted f o r  t h i s  o r  
any o t h e r  i n j e c t o r  c o n f i g u r a t i o n  repor ted  h e r e i n .  
Data from t h e  burner-nozzle e x i t  a re  presented i n  f i g u r e s  3 (b ) ,  (c)  , (d )  
and ( e ) .  Figure 3(b)  p r e s e n t s  t h e  r a t i o  of p i t o t  p r e s s u r e  t o  burner  s t a g n a t i o n  
p r e s s u r e  l a t e r a l l y  a c r o s s  t h e  burner-nozzle e x i t  and a t  e i g h t  v e r t i c a l  l o c a t i o n s  
z /h  from 0.2 t o  0.87. For t h i s  p a r t i c u l a r  d a t a  t h e  nozzle  is  e s s e n t i a l l y  f u l l y  
expanded, and t h e  m ~ a s u r e d  Pt , 2 / P  , b  compares w e l l  wi th  a  t h e o r e t i c a l  value of 
0.35 which was computed from i s e n t r o p i c  flow r e l a t i o n s  wi th  a  r e p r e s e n t a t i v e  
value  of t h e  r a t i o  of  s p e c i f i c  h e a t s  of 1.25. Values of t h e  r a t i o  of measured 
- 
t o  t h e o r e t i c a l  burner  s t a g n a t i o n  p ressure  f o r  f u l l  nozz le  expansion,  P and 
t ,b 
t h e o r e t i c a l  burner  t o t a l  temperature T a r e  g've:: on a11 d a t a  f i g u r e s .  The 
t ,b  2 
value  of the  t h e o r e t i c a l  burner  s t a g n a t i o n  p ressure  ~5l' t - i  was 2.76 MN/m a s  re- 
por ted  i n  r e fe rence  6 f o r  s i m i l a r  t e s t  cond i t ions .  '?'he t h e o r e t i c a l  burner  t o t a l  
temperature was computed by t h e  method discussed i n  Appendix B o i  r e fe rence  2 
assuming complete combustion and us ing an a p p l i c a b l e  h e a t  l o s s  of 13 t o  15 per- 
cen t  of t h e  hea t  added by combustion. The d a t a  band i n  f i g u r e  3(b)  shows s l i g h t -  
l y  l a r g e r  s c a t t e r  f o r  y/w :. 0. Evident i n  these d a t a  and e s s e n t i a l l y  a l l  sub- 
sequent  d a t a ,  i s  a h i g h e r  than average - , i t o t  p ressure  a t  the  l e f t  of the  f i g u r e  
and a  lower than average p i t o t  p ressure  t o  t h e  r i g h t  of tlie f i g u r e .  Whether 
t h i s  t r e n d  i 3  i n d i c a t i v e  of asymmetry of the  nozzle  flow or  inaccurac ies  i n  
p r e s s u r e  measaxement is uuknown. Consiaer ing the  wide band of va lues  of z/h 
represented i n  t h e  d a t a  of  f i g u r e  3(b) ttie d i s t r i b u t i o n  is q u i t e  accep tab le .  
Figure 3 (c )  p r e s e n t s  t h e  l o c a l  mass f r a c t i o n  of a i r  d iv ided by t h e  bulk  ( o r  
average) mass f r a c t i o n .  The d a t a  m e  presented i n  the  urireacted s t a t e  as  computed 
by t h e  method o u t l i n e d  i n  Appendix A. P r e s e n t a t i o n  o f  t h e  d a t a  i n  t h e  unreacted 
s t a t e  a l lows d i s t r i b u t i o n s  of a i r ,  oxygen, and hydrogen t o  be examined individu-  
a l l y  t o  i n f e r  how w e l l  each i n j e c t o r  conf igura t ion  performs. Values of  t h e  r a t i o  
of l o c a  ... t o  bulk  mass f r a c t i o n s  of u n i t y  f o r  a i r ,  oxygen, and hydrogen through- 
out  the  nozzle  e x i t  r eg ion  corresponds t o  p e r f e c t  mixing. Random d e v i a t i o n s  
from un i ty  of  a  few percent  can be expectcd because of e r r o r s  i n  sample co l l ec -  
t i o n  and sample a n a l y s i s .  Besides t h e  random e r r o r ,  an u n c e r t a i n t y  w i l l  be 
a s s o c i a t e d  wi th  measuring t h e  a i r ,  hydrogen, and oxygen flow r a t e s ,  thus  e f f e c t -  
i n g  t h e  computed bulk  mess f r a c t i o n .  Er ro r s  i n  t h e  bulk  mass f r a c t i o n  could be 
expected t o  s h i f t  t h e  l o c a l  t o  bulk  values up t o  s e v e r a l  percent  e i t h e r  s i d e  of 
u n i t y ,  but  uniformly f o r  a  g iven s e t  of t e s t  d a t a .  Skewed p r o f i l e s  having d e f i n -  
i t i v e  d i s t r i b u t i o n s  a r e  not  l i k e l y  t o  r e s u l t  from e i t h e r  of  the  above sources  of 
e r r o r .  No s i g n i f i c a n t  n o n u n i f o ~ m i t y  i n  a i r  d i s t r i b u t i o n  i s  apparent  i n  t h e  d a t a  
of f l g u r e  3 ( c ) .  However; some random s c a t t e r  and evidence o f  r e l a t i v e l y  lower 
a i r  concen t ra t ion  a t  z /h  o f  0.3 and h igher  a i r  c o n c e n t r a t i o n  a t  z/h of  0.9 
i s  noted.  
Figure  3(d) p r e s e n t s  t h e  l o c a l  mass f r a c t i o n  of oxygen (from t h e  s t o r e d  
oxygen supp ly ,  which excludes  t h e  oxygen i n  t h e  a i r  supply)  d iv ided  by t h e  bulk  
oxygen mass f r a c t i o n .  For va lues  of  z/h where t h e  a i r  concen t ra t ion  i n  f i g u r e  
3(c) is l o w  t h e  oxygen d i s t r i b u t i o n  i n  f i g u r e  3(d) appears  high r e l a t i v e  t o  
u n i t y ,  and v i c e  versa.  Th i s  t r e n d  is  expected a s  t h e  a i r  and oxygen make up t h e  
bu lk  of  t h e  mass of t h e  flow; t h e r e f o r e ,  a  s i g n i f i c a n t  l o c a l  excess  of  oxygen 
would be accompanied by a  l o c a l  shor tage  of  a i r .  With t h e  except ion o f  d a t a  f o r  
z/h  = 3.0, t h e  d a t a  i n d i c a t e  s l i g h t l y  lower oxygen concen t ra t ion  i n  t h e  middle 
of  t h e  flow, y/w n e a r  0.0, w i t h  t h e  p r o f i l e  s l i g h t l y  skewed t o  t h e  l e f t .  The 
low oxygen d a t a  po in t  whicli appears i n c o n s i s t e n t  (y/w = -0.336, z/h  - 0.63) is 
?, r e l a t e d  t o  a lower than t y p i c a l  measured helium c o n c e n t r s t i o n ,  and is probably 
I i n  e r r o r .  F igure  3 ( e )  p r e s e n t s  t h e  l o c a l  hydrogen t o  bulk  hydrogen masr .r&c2: 1 
! r a t i o .  Since  no f r e e  hydrogen was d e t e c t e d  i n  t h e  gas samples,  ! *-:ti hyar..,. \n  
concen t ra t ion  is i n d i c a t i v e  of high temperature ,  The e f f e c t  of r h e  p13be 0.1 
/! - temperature  e s t i m a t e s  has  been dfscussed i n  the  s e c t i o n  e n t i t l e d  "Gas Sample I C o l l e c t i o n  System." The d a t a  sugges t  a  t rend of dec reas ing  temperature u i t h  4 i n c r e a s i n g  z l h .  They a l s o  show l a r g e  g r a d i e n t s  i n  temperature ,  most piominent 
i n  t h e  v e r t i c a l  (z d i r e c t i o n )  s h o r t  dimension and i n d i c a t e  some l a r g e  p r o f i l i n g  
1 i n  t h e  l a t e r a l  (y d i r e c t i o n )  a t  z /h  of 0.30 and 0.63. Est imates  o f  t h e  temper- i a t u r e  range corresponding t o  t h e  d a t a  range irom 2090 i.; f o r  r l h  o f  0.9 t o  
1 2580 K a t  z /h  of 0.3; values  a r e  shown on the  f i g u r e .  These temperatures  were 
es t ima ted  a s  d i scussed  i n  t h e  s e c t i o n  e n t i t l e d  "Gas Sample Analysis .  " 
It is  noted t h a t  t h e  mean of t h e  hydrogen d a t a  of  f i g u r e  3 ( e )  t a k e 3  over  
t h e  burner-nozzle e x i t  region is somewhat g r e a t e r  than u n i t y .  Th i s  e f f e c t  h a s  
been observed f o r  o t h e r  hydrogen d a t a ,  a s  i n  t h e  f i n a l  i n j e c t o r  c o n f i g u r a t i o n  
d i scussed  l a t e r  i n  t h i s  r e p o r t .  This i n d i c a t e s  exper imenta l  e r r o r  a s  d i scussed  
p rev ious ly  i n  t h i s  s e c t ,  ,n, However, l a t e r a l  p r o f i l i n g  a s  i n  t h e  d a t a  a t  z /h  
o f  0.30 and 0.63 is s u f f i c i e n t  t o  d e m n s t r a t e  t h e  u n s a t i s f a c t o r y  performance of  
t h e  o r i g i n a l  i n j e c t o r  conf igura t ion .  
It was concluded a  s i g n i f i c a n t  temperature p r o f i l e  e x i s t e d  i n  t h e  two- 
dimensional  burner-nozzle e x i t  flow s i m i l a r  t o  t h e  p r o f i l e  found i n  t h e  s tudy  
o f  r e f e r e n c e  2. D i r e c t  comparisons between p r o f i l i n g  e f f e c t s  were not  a t tempted 
because of  t h e  d i f f e r e n t  geometries involved.  I t  was no ted  i n  r e fe rence  2 t h a t  
only 1 / 4  of t h e  a i r  flow a r e a  was i n s i d e  t h e  hydrogen i n j e c t o r  r i n g .  It was 
t h e r e f o r e  suggested i n  r e f e r e n c e  2 t h a t  t h e  temperature  p r o f i l e  could be smoothed 
by r e l o c a t i n g  t h e  hydrogen i n j e c t o r s .  As a  r e s u l t  of  t h i s  sugges t ion ,  t h e  number 
and l o c a t i o n  of t h e  hydrogen i n j e c t o r s  was modified t o  a t tempt  a  more e q u i t a b l e  
d i s t r i b u t i o n  of t h e  hydrogen w i t h  r e s p e c t  t o  t h e  a i r .  
T h i r t y - s i x  Tube Hydrogen I n j e c t o r s  
The f i r s t  modi f i ca t ion  t o  t h e  i n j e c r o r  sys tem was a  t ' i r t y - s i x  tube hydrogen 
i n j e c t o r  a r r a y  a s  shown i n  f i g u r e  4 ( a ) .  The geometric arrangement c o n s i s t s  of 
s i x  i n j e c t o r s  on a c i r c l e  o f  2.62 crn r a d i u s ,  twelve i n j e c t o r s  on a  c i r c l e  of  
5.36 cm radius,  and e i g h t e e n  i n j e c t o r s  on a c i r c l e  of  7.82 cm r a d i u s .  These i n -  
j e c t o r s  were spaced such t h a t  each i n j e c t o r  fue led  approximately equa l  a r e a  
segments of  t h e  b u r n e r  c r o s s  s e c t i o n  a t  t h e  i n j e c t o r  l o c a t i o n .  The i n j e c t o r s  
were f a b r i c a t e d  by b r a z i n g  0.138 cm O.D. s t a i n l e s s  s t e e l  t u b i n g  i n t o  a  p i p e  nip- 
p l e  wklch screwed i n t o  t h e  o r i g i n a l  i n j e c t o r  f i t t i n g .  The i n j e c t o r  t i p  shape 
f o r  t h i s  i n j e c t o r  modi f i ca t ion  is shown on f: gure 4(a).  The a d a p t e r s  which con- 
v e r t e d  the o r i g i n a l  twelve i n j e c t o r s  t o  tho  t h i r t y - s i x  tube  a r r a y  were s i z e d  
such t h a t  t h e  t i p s  of t h e  hydrogen i n j e c t o r s  were approximately 22.8 cm d m -  
s t r eam o f  t h e  oxygen i n j e c t o r  exit plane .  The e x i t  flow a r e a  of t h e  t h i r t y - s i x  
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tubes  were approximately the  same as t h e  o r i g i n a l  i n j e c t o r s .  The oxygen i n j e c -  
t o r s  were the  same a s  the  o r i g i n a l .  
Figure 4 (b )  p resen t s  nondimensional p i t o t  p ressure  d i s t r i b u t i o n s  a t  t h r e e  
v e r t i c a l  h e i g h t s  i n  t h e  nozzle  e x i t .  The d i s t r i b u t i o n s  a t  t h e  t h r e e  h e l g h t s  
ag ree  w e l l  i n  t r end .  However, the  p i t o t  p r e s s u r e  d i s t r i b u t i o n  f o r  z /h  of 0 . 2 1  
is h igher  than t h e  o t h e r  d a t a  because of o p e r a t i o n  a t  a lower burner  t o t a l  pres-  
s u r e .  No l a t e r a l  g r a d i e n t s  of consequence a r e  evident  i n  t h e  d a t a .  
Figure 4 ( c )  p r e s e n t s  nondimrnsional 1oc;il t o  bulk a i r  d i s t r i b u t i o n s  deduced 
from t h e  d a t a .  Low va lues  a r e  noted on the  l e f t  s i d e  (y!w < 0) of t h e  nozz le  
f o r  z /h  of 0.21. The converse is t r u e  f o r  t h e  l o c a l  t o  bulk oxygen d i s t r i b u -  
t i o n s  o f  f i g u r e  4 (d ) .  
Figure 4 ( e )  p r e s e n t s  the  deduced l o c a l  t o  bultc tlydrogen d i s t r i b u t i o n s .  
S u r p r i s i n g l y ,  t h e  t h i r t y - s i x  tube i n j e c t o r s  produced a s e v e r e  l a t e r a l  hydrogen 
g rad ien t  a t  a l l  t h r e e  v e r t i c a l  l o c a t i o n s .  Temperature e s t i m a t e s  shown on f i g u r e  
4 (e )  f c r  t h e  extremes show a temperature g rad ien t  of 700 K .  Q u a l i t a t i v e  sub- 
s t a n t i a t i o n  f o r  a  high temperdture a t  the  l e f t  of the  burner  e x i t ,  a s  shown, was 
ev iden t  from v i s u a l  obse rva t ion  of t h e  h e a t i n g  seen on t l ~ e  p i t o t - g a s  sampling 
rake and o t h e r  exper imenta l  hardware. The  reason f o r  t h e  u n s a t i s f a c t o r y  behav- 
i o r  of  t h e  t h i r t y - s i x  tube i n j e c t o r  configurat!on is not f u l l y  understood; how-. 
ever, i t  is observed t h e  t h i r t y - s i x  tube i n j e c t o r s  were t h i n  bodies r e l a t i v e  t o  
t h e  o r i g i n a l  bluiit-body f l a t - f a c e d  i n j e c t o r s .  Tlie thin-body i n j e c t o r s  ( t h i r t y -  
s i x  tube conf igura t ion)  would not have :-he flame attachment o r  s t a b i l i z a t i o n  
c h a r a c t e r i s t i c s  a s  would the  f l a t - f a c e d  i n j e c t o r s .  I t  is suggested t h a t  the  
e n t i r e  flow p a t t e r n  w i t h i n  t h e  burner  may have been a l t e r e d  depending upon where 
t h e  flame s t a b i l i z e d  w i t h i n  t h e  burner ,  irhich depended upon t h e  type of  i n j e c t o r  
used. I t  is noted t h a t  due t o  the  low a i r  veloc t i e s  i n  the  burner  (on tt.e c r d e r  
o f  3 t o  10 m/sec), the  flow would be s e n s i t i v e  t o  ;mall d i s tu rbances .  Sup' I- 
turbances  could be a s s o c i a t e d  wi th  t h e  l o c a t i o n  of the  flame w i t h i n  the  r . 
Conjecture about t h e  d i f f e r e n c e  between the  th in -  and blunt-body type : &J  ors 
l e d  t o  a r e t u r n  t o  a  b lun t - faced  i n j e c t o r  conf igura t ion .  
Lengthened-tiffset Hydrogen I n j e c t o r s  
This next i n j e c t o r  conf igura t ion  is shown i n  f i g u r e  5 ( a ) .  I t  incorporated 
t h e  blunt-body i n j e c t o r  shape of t h e  o r i g i n a l  i n j e c t o r s  wi th  t h e  suggest ion of 
r e fe rence  2 t h a t  proper r a d i a l  l o c a t i o n  of t h e  f u e l  i n j e c t o r s  could e l i m i n a t e  
t h e  l a r g e  temperature p r o f i l e  observed. S i g n i f i c a n t  m a l d i s t r i b u t i o n  of oxygen 
had no t  been observed from t h e  oxygen i n j e c t o r s  used,  and approx i sa te ly  50 per- 
cent  of t h e  a i r  flow passed on each s i d e  of t h e  oxygen i n j e c t o r  r i n g  which 
tended t o  suppor t  the  argument f o r  r a d i a l  r e l o c a t i o n  of t h e  hydrogen i n j e c t o r s .  
The hydrogen i n j e c t o r s  were t h e r e f o r e  loca ted  on nea r ly  t h e  same diameter a s  t h e  
oxygen i n j e c t o r s  1)ut s t aggered  between them. The t i p s  of  t h e  hydrogen i n j e c t o r s  
were about 20.3 cm downstream of  t h e  oxygen i n j e c t o r  p lane ,  wi th  t h e  o r i g i n a l  
oxygen i n j e c t o r s  being used f o r  t h i s  conf igura t ion .  
Typical  p i t o t  p r e s s u r e ,  l o c a l  t o  bulk a i r ,  and l o c a l  t o  bulk  oxyeen d i ~ t r i -  
bu t ions  are shown i n  f i g u r e s  5 ( b ) ,  5(c ) ,  and 5(d) f o r  two va lues  of z /h .  The 
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p i t o t  d a t a  of f i g u r e  5(b)  show s l i g h t l y  more s c a t t e r  than t h e  previous  two con- 
f i g u r a t i o n s .  (See f i g u r e s  3(b) and 4(b)  .) The m a n  l e v e l  o f  p i t o t  p r e s s u r e  of 
f i g u r e  5(b)  is a l s o  nea r  the  value  (0.4) of t h e  d a t a  of f i g u r e  4(b)  f o r  z/h 
of 0.21, a3 expected because t h e  burner  n o z ~ l e  was over-expanded e s s e n t i a l l y  
the  same amount f o r  both s e t s  of d a t a .  
The l o c a l  t o  bulk a i r  d i s t r i b u t i o n  d a t a  of f i g u r e  5 (c )  show a h i g h e r  degree 
of uniformity  than e i t h e r  of the  e a r l i e r  c o n f i g u r a t i o n s .  (See f i g u r e s  3 (c )  and 
4 ( c ) . )  The l o c a l  t o  bulk oxygen d i s t  r i b l , .  i ons  of f i g u r e  S(d) a l s c  show good 
uniformity f o r  z/h of 0.5,  but  a r e  somewhat less uniform with  a l e f t  t o  r i g h t  
g rad ien t  f o r  z/h o f  0.2.  
The l o c a l  t o  bulk hydrogen . A i s t r i b u t i o n s  o: f i g u r e  5 ( e )  unfor tuna te ly  i n d i -  
c a t e  a  s i z e a b l e  l a t e r a l  gradierif a t  both v e r t i c d l  l o c a t i o n s  i n d i c a t i v e  of  a  
l a r g e  temperature g r a d i e n t .  Temperature e s t  imates 1,-e shown on t t lr  f i g u r e .  The 
g rad ien t  i s  not a s  s e v e r e  a s  i n  t h e  t h i r t y - s i x  tube i n j e c t o r  d a t a ,  but  is c l e a r l y  
an u n s a t i s f a c t o r y  d i s t r i b u t i o n .  A s  no s a t i s f a c t o r y  hydrogen d i s t  r i b u r i o n s  were 
obta ined a t  t h i s  s t a g e  o f  the  s t u d y ,  i t  a p p e a r + ~ d  a more complex h e a t e r - i n j e c t o r  
conf igura t ion  was necessary .  
Lengthened-Offset Hydrogen l n j e c t o r s  wi th  H a i f l e  
This conf igura t ion  was i d e n t i c a l  t o  the  previous coi l f igura t ion wi th  t h e  
except ion of a  b a f f l e  i n s t a l l e d  i n  t h e  p lane  of: the  hydrogen i n j e c t a : . ~ .  The 
c o n f i g u r a t i o n  i- shown i n  f i g u r e  6 ( a ) .  The baff le .  was intended t o  e s t a b l i s h  an 
a i r  p ressure  drop,  thus  i n c r e a s i n g  the  a i r  v e l o c i r y  and r e s u l t i n g  i n  the  es tab-  
l ishment of more uniform flow. A s  the  b a f f l e  was downstream of t h e  oxygen in -  
j e c t o r s ,  a secoridary e f f e c t  was some premixing of the  a i r  and oxygen. 
Test d a t a  p e r t a i n i n g  t o  t h i s  conf igura t ion  a r e  shown i n  f i g u r e s  6 ( b ) ,  6 ( c ) ,  
6 ( d ) ,  and 6 ( e ) .  Data a r e  st~own f o r  two hydrogen i n j e c t o r  l o c a t i o n s  l a b e l e d  
" i n i t i a l  assembly" and "centered";  t h e s e  l a b e l s  refer  t o  t h e  p o s i t i o n  of t h e  i n -  
j e c t o r s  w i t h i n  t h e  ho les  i n  t h e  b a f f l e  p l a t e .  l'lle i n j e c t o r  p o s i t i o n  change was 
accomplished by moving the  burner  head f l ange  t o  which the hydrogen manifold is 
a t t ached .  The set of d a t a  l a b e l e d  " i n i t i a l  assembly" w i l l  be d i scussed  f i r s t .  
As was t h e  exper ience  wi th  o t h e r  c o n f i g u r a t i o n s ,  no l a r g e  s i g n i f i c a n t  t r e n d s  a r e  
.boaren t  f o r  t h e  l o c a l  p i t o t  p ressure ,  l o c a l  t o  bulk  s i r ,  o r  l o c a l  t o  bulk oxygeti 
r a t i o .  However, t h e  l o c a l  t o  bulk  hydrogen d i s t r i b u t i o n  of  f i g u r e  6 ( e )  shows a 
1~ -ge g rad ien t .  Temperature extremes a r e  shown on the  f i g u r e .  
It was observed t h a t  t h e  hydrogen i n j e c t o r s  were not  w e l l  cen te red  i n  t h e  
h o l e s  i n  t h e  b a f f l e  p l a t e .  The burner  head f l a n g e  was t h e r e f o r e  s h i f t e d  u n t i l  
t h e  b e s t  compromise i n  v i s u a l  alignment of  t h e  i n j e c t o r s  was ~ b t a i n e d .  Data 
corresponding t o  t h i s  c o n d i t i o n  a r e  l a b e l e d  "centered" i n  f i g u r e s  6 (b) t c  6 (e) . 
P i t o t  p r e s s u r e  i n  f i g u r e  6(b) shoved no d e f i n i t i v e  change, b u t  s m a l l  ch.mges i n  
a i r  ( f i g u r e  6(c ) )  and oxygen ( f i g u r e  6 ( d ) )  l a t e r a l  d i s t r i b u t i o n s  are ev iden t .  
Rowever, a d ramat ic  change i n  t h e  hydrogen d i s t r i b u t i o n  shown i n  f i g u r e  b(e)  was 
noted i n  t h a t  t h e  hydrogen g rad ien t  completely reversed t r ends .  I t  was concluded 
t h e  burner-nozzle e x i t  hydrogen p r o f i l e  was extremely s e n s i t i v e  t o  the  a i r  flow 
supply  d i e t r i b u t i o n  through t h e  b a f f l e  p l a t e ,  and a' - 3  was poss ib ly  s e n s i t i v e  
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i t o  t h e  uniformity o r  t h e  mixing of t h e  hydrogen and air-oxygen a t  each i n j e c t o r .  
i The l o g i c a l  next s t e p  was t o  i n s t a l l  spacers  on t h e  hydrogen f u e l  i n j e c t o r s  t o  
8 
c e n t e r  each i n j e c t o r  i n  i ts ho le  i n  t h e  b a f f l e  p l a t e  and thus  improve t h e  uni- 
i formi t y  of t h e  air-oxygen flow d i s t r i b u t i o n .  
! 
Sel f -cen te r ing  Hydrogen I n j e c t o r s  
The f i n a l  modif icat ion of t h e  hydrogen i n j e c t o r s  was t o  c e n t e r  each i n j e c t o r  
i n  b a f f l e  p l a t e  ho les  a s  shown i n  f i g u r e  7 (a ) .  An accom~anying e f f e c t  of t h e  
spacers  shown i n  f i g u r e  7 (a )  was a ne: reduct ion i n  flow a r e a  of approximately 
18 percen t ,  wi th  an a s s o c i a t e d  i n c r e a s e  i n  pressure  drop ac ross  the  b a f f l e  p l a t e .  
P i t o t  p ressure  d i s t r i b u t i o n s  a r e  given i n  f i g u r e  7(b) f o r  four  v e r t i c a l  l o c a t i o n s  
i n  t h e  nozzle e x i t ,  but  n o  major e f f e c t  o t h e r  than over expansion of t h e  nozzle  
flow and somewhat g r e a t e r  than t y p i c a l  d a t a  s c a t t e r  is evident .  It is observed 
t h a t  f o r  a l l  t h e  i n j e c t o r  conf igura t ions  t e s t e d ,  even when severe  t empt ra tu re  
g r a d i e n t s  e x i s t e d ,  no s i g n i f i c a n t  e f f e c t  on the  p i t o t  p ressure  d i s t r i b u t i o n s  was 
de tec ted .  
The l o c a l  t o  bulk a i r  d i s t r i b u t i o n  is  given i n  f i g u r e  7.c) and shows some e f -  
f e c t  of decreas ing a i r  with i n c r e a s i n g  z /h .  Var ia t ion  between extremes i s  on t h e  
o r d e r  of 2 3 percent .  Compared t o  the  o r i g i n a l  i n j e c t o r s  l o c a l  t o  a i r  d i s t r i b u -  
t i o r  (see  f i g u r e  3(c) ) t h e  v a r i a t i o n  has been reduced on the  o rder  of 50 percent .  
In  c o n t r a s t  t o  t h e  a i r  d i s t r i b u t i o n ,  the  l o c a l  t o  bulk oxygen d i s t r i b u t i o n  of 
f i g u r e  7(d) shows a  t r end  of i n c r e a s i n g  oxvgen wi th  i n c r e a s i n g  z jh .  The oxygen 
d i s t r i b u t i o n  is a l s o  skewed t o  t h e  r i g h t  s i d e  of t h e  nozzle  e x i t  (y/w ' 0). Vari- 
a t i o n  between extremes is on t h e  o rder  of f 7 percent .  Compared t o  t h e  o r i g i n a l  
i n j e c t o r  l o c a l  t o  bulk oxygen d i s t r i b u t i o n  ( s e e  f i g u r e  3(d)), l i t t l e  improvement 
is noted. 
The hydrogen d i s t r i b u t i o n  f o r  the  s e l f - c e n t e r i n g  i n j e c t o r  conf igura t ion  is  
shown i n  f i g u r e  7(e)  and v a r i e s  approximately ? 6 percent  between extremes f o r  
t h e  e n t i r e  d a t a  range of z/h from 0.2 t o  0.8. Comparison t o  f i g u r e  3 ( e )  f o r  
t h e  o r i g i n a l  i n j e c t o r  conf igura t ion  shows t h e  s i g n i f i c a n t  improvement i n  hydrogen 
d i s t r i b u t i o n ;  no te  t h e  v a r i a t i o n  is around 2 20 percent  f o r  t h e  d a t a  of f i g u r e  
3(e)  f o r  t h e  o r i g i n a l  i n j e c t o r s .  The hydrogen v a r i a t i o n  has  t h e r e f o r e  been im-  
proved by a  f a c t o r  of approximately th ree .  
Temperature es t imates  shown on fLgure 7(e)  f o r  t h e  s e l f - c e n t e r i n g  i n j e c t o r  
conf igura t ion  show d i f f e r e n c e s  between t h e  extremes o f  150 K a s  compared t o  
490 K f o r  t h e  o r i g i n a l  i n j e c t o r  d a t a  of f i g u r e  3 ( e ) .  Therefore ,  t h e  es t imated 
temperature v a r i a t i o n  has  been reduced by a  f a c t o r  s l i g h t l y  g r e a t e r  than t h r e e .  
Based upon t h e  s i g n i f i c a n t  improvement i n  t h e  a i r ,  hydrogen, and deduced 
temperature d i s t r i b u t i o n s  r e l a t i v e  t o  t h e  o r i g i n a l  i n j e c t o r s ,  and t h e  uncer ta in-  
ties i n  flow r a t e  and gas sampling measurements, t h e  s e l f - c e n t e r i n g  i n j e c t o r  
conf igura t ion  was considered t o  produce accep tab le  burner-nozzle e x i t  p r o f i l e s .  
. i A s  t h e  composition p r o f i l e s  and thus  deduced temperature d i s t r i b u t i o n  a r e  
: 3 
a ccep tab le  f o r  t h e  s e l f - c e n t e r i n g  i n j e c t o r ,  i t  is of  i n t e r e s t  t o  deduce t h e  Mach 
number v a r i a t i o n  from t h e  d a t a  o f  f i g u r e  7(b).  Using i s e n t r o p i c  flow r e l a t i o n s  
- 
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t h e  Mach number v a r i a t i o n  between extremes is  es t ima ted  a t  23.2 pe rcen t .  It is 
noted t h e  nozz le  is over  expanded f o r  t h i s  d a t a ,  which may have some e f f e c t  on 
t h e  Mach number v a r i a t i o n ,  and c l e a r l y  has  some e f f e c t  an t h e  Mach number l e v e l  
o f  t h e  d a t a ,  as may be seen  by comparing t h e  p r e s s u r e  l e v e l  of f i g u r e  7(b) t o  
f i g u r e  3(b) .  
It is  observed t h a t  t h e  i n s t a l l a t i o n  of t h e  b a f f l e  p l a t e  a l o n e ,  which tend- 
ed t o  i n c r e a s e  t h e  a i r  v e l o c i t y  and promote premixing o f  t h e  oxyger. and a i r ,  was 
n o t  s u f f i c i e n t  t o  g i v e  s a t i s f a c t o r y  e x i t  p r o f i l e s .  Only by a s s u r i n g  i n j e c t o r  
al ignment wi th  t h e  s e l f - c e n t e r i n g  i n j e c t o r s  i n  a s s o c i a t i o n  wi th  t h e  b a f f l e  p l a t e ,  
w a s  accep tab le  burner-nozzle e x i t  p r o f i l e s  obta ined.  I t  is sugges ted ,  t h e r e f o r e .  
t h a t  t h e  most s e n s i t i v e  phenomenon which a f f e c t e d  t h e  p r o f i l e s  was t h e  uniformity  
of  t h e  a i r  d i s t r i b u t i o n  supp l i ed  t o  t h e  combustion chamber. There fo re ,  i n  t h e  
des ign  o f  combustion burners  t h e  d e s i g n e r  must recognize  t h e  n e c e s s i t y  t o  accep t  
s i g n i f i c a n t  a i r  p r e s s u r e  drop t o  achieve the  requ i red  cn i fo rmi ty  o f  a i r  d i s t r i b u t i o n .  
t The f i n a l  burner  i n j e c t o r  c o n f i g u r a t i o n  , r e l a t i v e  t o  t h e  o r i g i n a l  burner  
i n j e c t o r  c o n f i g u r a t i o n ,  produced s i g n i f i c a n t  improvement i n  un i fo rmi ty  of  t h e  a i r ,  
hydrogen, and deduced temperature d i s t r i b u t i o n s  i n  t h e  burner-nozzle e x i t  f low, 
and i n s i g n i f i c a n t  e f f e c t  upon t h e  oxygen and p i t o t  p r e s s u r e  d i s t r i b u t i o n .  
CONCLUDING REMARKS 
As a r e s u l t  of t h e  n e . d  f o r  a uniform hot  gas t e s t  s t r e a m  f o r  f u e l  i n j e c t o r  
development f o r  hydrogen fue led  superson ic  ramjet  combustors, a  s tudy  o f  t h e  e f -  
f e c t  of va ry ing  t h e  i n j e c t o r  c o n f i g u r a t i o n  of a  hydrogen-f ueled , oxygen-replen- 
i s h e d  combustion burner  h a s  been conducted. The purpose of  t h e  s tudy  was to elim- 
i n a t e  an  u n s a t i s f a c t o r y  composit ion p r o f i l e ,  and a s s o c i a t e d  temperature  p r o f i l e  
- observed i n  t h e  burner-nozzle e x i t  flow. The composit ion and deduced temperature  
p r o f i l e s  were reduced t o  an accep tab le  l e v e l  by determining a s u i t a b l e  l o c a t i o n  
f o r  t h e  hydrogen i n j e c t o r s  and i n s t a l l i n g  a b a f f l e  i n  t h e  p lane  of t h e  hydrogen 
i n j e c t o r s .  It w a s  found necessary  t o  r e d i s t r i b u t e  the  hydrogen f u e l ,  i n c r e a ~ e  
t h e  a i r  p r e s s u r e  drop,  promote premixing of t h e  oxygen and a i r ,  and e s t a b l i s h  a  
uniform flow p a t t e r n  where t h e  oxygen-air  mixture comes i n t o  c o n t a c t  wi th  t h e  
hydrogen f u e l .  This was achieved by p r o g r e s s i v e  modi f i ca t ion  of t h e  b u r n e r  in -  
j e c t o r  conf igura t ion .  I t  is  be l i eved  t h e  most s e n s i t i v e  phenomenon which a f f e c t -  
ed t h e  composit ion p r o f i l e s  was t h e  uniformity  of  t h e  a i r  d i s t r i b u t i o n  supp l i ed  
r t o  t h e  combustion chamber. There fo re ,  i n  t h e  des ign  of  combustion b u r n e r s  t h e  
des igner  must recognize  t h e  n e c e s s i t y  t o  accept  s i g n i f i c a n t  a i r  p r e s s u r e  drop t o  
achieve t h e  r e q u i r e d  uniformity  o f  a i r  d i s t r i b u t i o n .  
R e l a t i v e  t o  t h e  o r i g i n a l  burner  i n j e c t o r  c o n f i g u r a t i o n ,  t h e  f i n a l  i n j e c t o r  
c o n f i g u r a t i o n  produced s i g n i f i c a n t  improvement i n  uniformity  of  t h e  a i r ,  hydrogen, 
and deduced temperature  d i s t r i b u t i o n s  i n  t h e  burner-nozzle e x i t  f low, and i n s i g -  
n i f i c a n t  e f f e c t  upon t h e  oxygen and p i t o t  p r e s s u r e  d i s t r i b u t i o n s .  I n  a d d i t i o n ,  
! - t h e  p i t o t  p r e s s u r e  d i s t r i b u t i o n  was found t o  be  i n s e n s i t i v e  t o  s e v e r e  g r a d i e n t s  
i n  hydrogen composit ion and temperature .  Th i s  f a c t  emphasizes t h e  n e c e s s i t y  f o r  i 
. :  
l o c a l  gas composition measurements i n  o r d e r  t o  a s s e s s  t h e  uniformity  and accept-  
, . a b i l i t y  of combustion b u r n e r  performance. 
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APPENDIX A 
Gas Sample Data Reduction Procedure 
The purpose of  t h e  gas sample measurements was t o  evaluate  how uniformly 
the  various i n j e c t o r  confiqurat ions d i s t r i b u t e d  t he  gases a t  the  burner-nozzle 
exit. As s h a m  i n  the  following s impl i f ied  burner schematic, gas suppl ied t o  
:he burner comes from three  s epa ra t e  sources and cons is t s  of a i r ,  hydrogen, and 
oxygen, t h e  l a t t e r  containing helium t r ace r .  
K COMBUSTION \ BURNER 
i- GAS SAMPLE 
B U R N E R  S C H E M A T I C  
- ' "'-.-' .. . I 
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I n  o r d e r  t o  d i s t i n g u i s h  between t h e  oxygen from t h e  a i r  and t h e  oxygen 
s u p p l i e d  i'rom t h e  s t o r a g e  v e s s e l ,  approximately 1 percen t  o f  hel ium by volume 
w a s  added t o  t h e  s t o r e d  oxygen. In  t h i s  Appendix, t h e  l a t t e r  source  of  oxygen 
w i l l  be r e f e r r e d  t o  an oxidant .  The d i s t i n c t i o n  between oxidant  and pure  oxygen 
is not  made i n  t h e  main body o f  t h i s  r e p o r t  as t h e  d i f f e r e n c e  i n  term o f  l o c a l  
t o  bulk  mass f r a c t i o n  r a t i o  is i n s i g n i f i c a n t .  The ox idan t  c o n t a i n s  oxygen, t h e  
added helium, and t r a c e  amounts of  n i t r o g e n  as an impuri ty .  The helium s e r v e s  
t o  i d e n t i f y  t h e  oxidant  d i s t r i b u t i o n  and the  n i t r o g e n  i n  t h e  a i r  serves t o  iden- 
t i f y  t h e  a i r  d i s t r i b u t i o n  a t  t h e  burner-nozzle e x i t  through t h e  use  of t h e  gas  
sample measurements. 
As noted i n  t h e  s e c t i o n  e n t i t l e d  Apparatus and Procedure and i l l u s t r a t e d  on 
t h e  burner  schemat ic ,  wa te r  condensed from t h e  gas samples. Therefore ,  t h e  gas  
sample c o l l e c t i o n  and a n a l y s i s  r e s u l t  is mole f r a c t i o n s  of helium, hydrogen, 
oxygen, n i t r o g e n ,  and argon on a d ry  b a s i s .  That i s ,  thd samples d i d  no t  d i r e c t -  
l y  account f o r  t h e  wa te r  con ten t  of  t h e  t e s t  gas from t h e  burner .  However, t h e  
wa te r  d i s t r i b u t i o n  and t h e r e f o r e  t h e  hydrogen d i s t r i b u t i o n  a t  t h e  burner-nozzle 
e x i t  is computable from o t h e r  gas  sample measurements because of  t h e  use of  t h e  
helium t r a c e r  i n  t h e  oxidant  supply.  Conversion of t h e  gas sample dry  a n a l y s i s  
t o  a wet b a s i s  (which inc ludes  wa te r )  is performed by a computerized d a t a  reduc- 
t i o n  program. 
For each gas sample the  mole f r a c t i o n  of water  is computed by t h e  fo l lowing  
procedure:  by use of  t h e  helium t r a c e r  t h e  l o c a l  amount of oxygen from t h e  
oxidant  is determined. S i m i l a r l y  , by use of  t h e  n i t r o g e n ,  t h e  oxygen from a i r  
which should be a t  a p o i n t  is determined.  The d i f f e r e n c e  between t h e  computed 
oxygen from t h e  two s o u r c e s ,  and t h e  measured f r e e  oxygen has r e a c t e d  t o  water .  
The equa t ions  used a r e  a s  fo l lows ,  where f i r s t  t h e  mole f r a c t i o n  of oxidant  and 
a i r  a r e  computed. The l o c a l  mole f r a c t i o n  of oxidant  Bo 1 3  given by equa t ion  
1. 
Nhe f j  = -  
O 'he 
(dry  b a s i s )  (1) 
I n  equa t ion  1, Nhe is t h e  mole f r a c t i o n  o f  helium from t h e  dry  gas sample 
a n a l y s i s  and Che i s  t h e  mole f r a c t i o n  of  helium i n  t h e  oxidant  supply.  Simi- 
l a r l y ,  t h e  l o c a l  mole f r a c t i o n  o f  a i r ,  B is given by equa t ion  2. 
a  
(dry b a s i s )  (2)  
I n  equa t ion  2,  Nn is t h e  mle f r a c t i o n  of n i t r o g e n  from t h e  d r y  gas sample 
a n a l y s i s ;  Bo is def ined  by equa t ion  1; C is t h e  mole f r a c t i o n  of n i t r o g e n  
n 
i n  t h e  ox idan t ;  and An is  t h e  mole f r a c t i o n  of n i t r o g e n  i n  air. From t h e  
r e s u l t s  of equat ions  1 and 2 t h e  mole f r a c t i o n  of water, Nw ( t h e  u n i t s  of  Nu 
a r e  moles o f  w a t e r  p e r  mole o f  d ry  gas mixture) is given by equat ion 3.  
- .-- -.< ., ~,.."." ---- -. .- ---,-. . ..-. 
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(dry b a s i s )  
I n  equa t ion  3, Bo and Ba a r e  from equa t ions  1 and 2, r e s p e c t i v e l y ;  A. is 
t h e  mole f r a c t i o n  of oxygen i n  a i r ;  Co i s  t h e  mole f r a c t i o n  o f  oxygen i n  t h e  
ox idan t ;  and N is t h e  l o c a l  oxygen mole f r a c t i o n  from t h e  dry  gas a n a l y s i s .  
0 
The f a c t o r  "2" comes from t h e  f a c t  t h a t  one mole of oxygen f o r m  two moles o f  
water .  To complete conversion of t h e  dry  gas sample a n a l y s i s  t o  a wet b a s i s ,  
t h e  wa te r  mole f r a c t i o n  computed i n  equat ion 3 is added i n t o  t h e  d ry  gas mixture. 
The sum of  t h e  mole f r a c t i o n s  S, is given by equat ion 4. 
I n  equa t ion  4 ,  Nw i s  from equat ion 3, and t h e  remaining terms a r e  mole f rac -  
t i o n s  o f  hydrogen, oxygen, n i t r o g e n ,  argon, and helium which a r e  t h e  r e s u l t s  of 
t h e  dry  gas sample a n a l y s i s .  The mole f r a c t i o n  of each c o n s t i t u e n t  on a w e t  
b a s i s  is t h e r e f o r e  t h e  mole f r a c t i o n  of each c o n s t i t u e n t  a s  given i n  t h e  ind iv id -  
u a l  terms o f  equa t ion  4 ,  d ivided by t h e  sum S. For example, t h e  mole f r a c t i o n  
of oxygen on a w e t  b a s i s  N is given by equat ion 5. 
0 ,w 
(wet b a s i s )  (5) 
S i m i l a r l y ,  a l l  o t h e r  mole f r a c t i o n s  on a wet b a s i s  may be computed thus  determin- 
i n g  t h e  gas c o n s t i t u e n t s  o f  i n t e r e s t  i n  t h e  t e s t  gas stream. 
For purposes o f  examining t h e  i n j e c t o r  performance i n  t h e  burner ,  i t  is 
d e s i r a b l e  t o  examine t h e  d i s t r i b u t i o n s  of a i r ,  ox idan t ,  and hydrogen i n  t h e  
burner-nozzle exit .  Since  each o f  these  gases is a s s o c i a t e d  wi th  a p a r t i c u l a r  
supply  and i n j c r t o r  c o n f i g u r a t i o n ,  maldis t r i b u t i o n  of a p a r t i c u l a r  gas may give  
a c'ue as t o  what i n j e c t o r  modif icat ion is required.  The l o c a l  oxidant  and a i r  
-.. l e  f r a c t i o n  have a l ready  been determined from t h e  gas a n a l y s i s  r e s u l t s  as 
given by equa t ions  1 and 2. I t  remains t o  compute t h e  hydrogen concen t ra t ion  
from t h e  mrasured f r e e  hydrogen and t h e  hydrogen i n  t h e  computed wate r ,  and  for^. 
t h e  new mole f r a c t i o n s  f o r  t h e  mixture of hydrogen, a i r ,  and oxidant .  
Recognizing t h a t  one mole o f  hydrogen r e a c t s  t o  form one m l e  of water, 
t h e  hydrogen mole f r a c t i o n  Bh is given by equa t ion  6 .  
(dry  b a s i s )  (6) 
I n  equat ion 6,  Nh is t h e  hydrogen mle f r a c t i o n  from t h e  d r y  gas sample analy- 
sis and Nw is given by equat ion 3. For t h e  unreacted gas mixture at t h e  burner-  
nozz le  e x i t  t h e  l o c a l  a i r  Ban  l o c a l  oxidant  Oo ,  and l o c a l  hydrogen Bh,  
mole f r a c t i o n s  are given by equa t ions  7 ,  8, and 9, r e s p e c t i v e l y .  
t 
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In  equat ions  7. 8, and 9 ,  Ba is given by equat ion 2 ,  Bo by equat ion 1, and 
Bh by equat ion 6. The conversion of t he  mole f r a c t i o n s ,  given by equat ions  7, 
8, and 9 ,  t o  mass f r a c t i o n  requi res  use of t h e  mixture molecular weight Mm 
given by equation 10. 
In equation 10, Ma, No, and M, a r e  t h e  atolecular weights of a i r ,  oxidant ,  
and h y d r ~ g e n ~ r e s p e c t i v e l y .  The l o c a l  mass f r a c t i o n s  of a i r  aa,&, oxidant 
aos a* and hydrogen %. 1 a r e  given by equat ions  11, 11, and 13, respect ively.  
A measure of how evenly a p a r t i c u l a r  burner  i n j e c t o r  conf igura t ion  d i s t r i b u t e s  
each gaseous component, is t h e  r a t i o  of t he  l o c a l  mss f r a c t i o n s  given by 
equat ions  11, 12,  and 13 t o  t h e  bulk mass f r ac t i ons .  The bulk mass f r ac t i ons  of 
a i r  aa, oxidant ao, and hydrogen % may be ca l cu l a t ed  from t h e  metered 
flow r a t e s  t o  t h e  burner  a s  follows: 
REPRODUCIBILITY OF THE ORIGINAL PAGE IS POOR. 
In equations 14, 15,  and 16,  mn, mo, and ma a r e  the  measured mass flow r a t e s  
of hydrogen, oxidant ,  and air  t o  t h e  burner , respect ively.  The l o c a l  t o  bulk 
mass f r a c t i o n  r a t i o s  of a i r  P oxidant o and hydrogen 41 a r e  given by 
a ' o ' 
equations 1 7 ,  18, and 19, respec t ive ly .  
Note, t he  d i s t i n c t i o n  between oxygen and oxidant ,  t he  l a t t e r  of which con- 
t a i n s  the  helium t r a c e r  and poss ib le  t r a c e  amounts of n i t rogen ,  is not  made i n  
t he  main body o r  f igures  of t h i s  r epo r t ,  a s  t he  d i f fe rence  i n  term of l o c a l  t o  
bulk mzss f r ac t i on  r a t i o s  is in s ign i f i can t .  
The gas ana lys i s  r e s u l t s  reported here in  a r e  given i n  the  form of t he  un- 
reacted l o c a l  t o  bulk mass f r ac t i on  r a t i o s ,  a s  given by equations 17,  18, and 
19. The i d e a l  i n j e c t o r  configurat ion i n  a s soc i a t i on  with neg l ig ib l e  experimental 
e r r o r ,  would r e s u l t  i n  values of uni ty  f o r  the  l o c a l  t o  bulk r a t i o s  fo r  a l l  
loca t ions  i n  t he  burner-nozzle e x i t  flow. Disccssion of the  e f f e c t s  which may 
cause the  l o c a l  t o  bulk r a t i o s  t o  devia te  from un i ty ,  may be found i n  t he  s ec t i on  
e n t i t l e d  "Results and Discussion". 
APPENDIX B 
8 I Chromatograph Parameters 
I Separation of the  gas samples i n t o  components of  helium, hydrogen, oxygen, 
1 1 and ni t rogen was accomplished by passing the  sample through a gas chromotograph setup. Per t inen t  information on the s e tup  is a s  follows: i 
i 
Coluw - 7.6 m long, 0.23 cm i n t e r n a l  diameter 
Adsorbent - Molecular s i e v e  type 13X, 30/60 mesh 
Car r i e r  Gas - Argon, 38 cc/minute 
Detector - Thermistor 
Coluw Temperature - 315 K 
Gas In j ec to r  Volume - Approximately 2 cc  
Analysis Time - 6 minutes 
A 0.30 m long, 0.46 cm i n t e r n a l  diameter molecular s i eve  s ec t ion  was i n s t a l l e d  
ahead of the  column t o  absorb any t r a c e  of moisture i n  t he  gas sample. This 
s ec t i on  was replaced pe r iod i ca l ly  and served t o  p ro t ec t  the  colunm, a s  molecular 
s ieve  co lums  d e t e r i o r a t e  rapidly when exposed t o  moisture. The length of the  
colunn was d i c t a t e d  by the  requirement t o  s epa ra t e  helium and hydrogen, which 
is a r e l a t i v e l y  d i f f i c u l t  separa t ion  t o  a t t a i n .  
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